Bearing faults are the most frequent faults of induction motors. The current spectrum analysis is an easy and popular method for the monitoring and detection of bearing faults. After a presentation of the existing fault models, this paper illustrates an analytical approach to evaluate the effects of the slot harmonics on the stator current in an induction motor with bearing fault. Simple and clear theoretical analysis results in some new current characteristic frequencies. Experimental tests with artificial bearing outer raceway fault are carried out by measuring stator current signals. The experimental results by spectral analysis of the stator current agree well with the theoretical inference.
Introduction
Induction motors (IMs) play a critical role in agricultural, industrial, and commercial sectors. Such popularity is increasing mainly because of their simple organizational structure, easy maintenance, premium power efficiency, and high reliability. Even if induction motors are reliable, unexpected failures may still occur under environmental stresses which could lead to production shutdown and extra maintenance cost. Thus, the online monitoring and fault diagnosis of induction motors have been extensively studied and many techniques have been published about this issue, as described in [1] . The IMs faults can be divided into two major categories: electrical defects (rotor faults, stator winding failures, etc.) and mechanical faults (bearing faults, eccentricities, and shaft misalignment). Among them, bearing-related faults account for over 40% (large machines) to 90% (small machines) of total faults [2] . Therefore, it is important to research on rolling-element bearing faults diagnosis.
Depending on the type of the measured variables, methods that are used for diagnosing IM bearing faults can be categorized as acoustic emission, temperature measurements, vibration monitoring, motor current signal analysis (MCSA), and so forth. Among them, vibration signals have been widely applied in IM bearing faults detection [3] [4] [5] [6] . However, this method is invasive and needs to install special sensor on the motor. Not only does this increase the investment and maintenance workload, but also the vibration sensors are sensitive to mounting position [7, 8] . Therefore, MCSA has received considerable attention due to its low cost and noninvasive nature in recent years [7, [9] [10] [11] [12] [13] [14] . Moreover, stator current signals are often previously measured for control purposes in the drive system and can be analyzed remotely and online [9, 11] .
The relationship between bearing vibration characteristics and current spectrum effects was first proposed by Schoen et al. based on the generation of a rotating eccentricity, but the author did not give a detailed theoretical derivation [14] . Based on the studies mentioned above, Blödt et al. put forward a new mathematical model by analyzing the combinations of permeance wave and magneto-motive force (MMF) harmonics, taking into consideration the radial rotor movement and bearing faulted-related load torque variations [13] . The rotor was assumed to be perfectly centered when there is no contact between a ball and the defect, and the electromagnetic torque was supposed to be stable in Blödt et al. [13] . A theoretical analysis of the physical link between faults which was modeled as a torque disturbance and current components was obtained by accounting that the electromagnetic torque was subjected to minor variations [6] . A rectangular pulse model was proposed by Cheng et al. viewing the effect of bearing banded failures as a rectangular pulse [15] . A new current eigenfrequencies expression was introduced by Ma et al. considering the IM carried with bearing fault and inherent eccentricity [16] . The aforementioned models, however, neglected rotor and stator slotting effects which modify the valid airgap permeance. These techniques may lead to unreliable IM fault diagnosis.
In view of the advantages of the aforementioned models, together with the effects of rotor and stator slotting, a more comprehensive mathematical model is proposed in this paper based on rotating wave approach where airgap flux density is determined by the product of permeance and magneto-motive force waves. At last, the theoretical analysis is verified by bearing outer raceway fault detection and the experimental results are well in agreement with the theoretical investigation.
The rest of the paper is constructed as follows. Section 2 gives a brief description of the structure and fault types of a rolling-element bearing. The proposed current characteristics analysis theory is described in Section 3. Section 4 reports the experiment setup and the obtained results for testing the effectiveness of the proposed theory on a threephase induction motor with one healthy and one artificially damaged bearing. Finally, some conclusions of this paper are summarized in Section 5.
The Structure and Fault Types of a Rolling-Element Bearing
The typical geometric structure of a rolling-element bearing is shown in Figure 1 . Rolling-element bearings are mainly composed of the outer and inner raceway, the ball elements, and the cage, which ensures the distances between the ball elements uniformly. On ordinary conditions, bearing faults can be separated into two types, that is, single-point (also called localized or cyclic) and generalized-roughness (also called distributed or noncyclic) faults [17] . Localized faults could be imagined as a small hole, a pit, or a missing piece of material and they affect a localized region [13, 17] . When a localized defective bearing runs at a constant speed, a periodic impact between rolling elements and the raceway is produced [6, 13] . The existence of such impulsive forces gives rise to an increase in the vibration level [18, 19] . The characteristic frequencies of these vibrations rely on fault location, bearing geometry, and operating speed [20, 21] . Not alike localized faults, generalized-roughness faults greatly worsen the entire area of a bearing element because of the absence of lubrication, erosion, or bearing pollution and are hard to represent by specific frequencies [22, 23] . In this paper, only localized fault is studied. Localized faults can be usually divided into four categories depending on the affected element, namely, outer raceway fault, inner raceway fault, ball fault, and cage fault. The vibration characteristic frequencies of these faults, when the outer raceway is stationary, are expressed as follows [20] :
where of is the outer raceway fault frequency, if is the inner raceway fault frequency, bf is the ball fault frequency, cf is the cage fault frequency, is the shaft rotational frequency, is the number of balls, is the ball diameter, is the ball pitch diameter, and is the contact angle between a ball and the raceway.
If the bearings are with a number of rolling elements between 6 and 12, the outer and inner raceway fault frequencies can be computed as follows [12] :
In rolling-element bearing, the stationary ring (outer raceway in this case) fault happens first due to the stationary ring material in load area receiving more dynamic load cycles than other bearing components (e.g., the rotating ring and rolling elements) [7] . Hence, the outer raceway faults are within the scope of investigations in this paper.
Current Characteristics Analysis Theory
In a typical induction motor, the dominant components of stator current are the fundamental supply frequency, the eccentricity harmonics, the slot harmonics, and other components including environmental noise [24, 25] . The models for bearing fault detection proposed by Blödt et al. are limited that the rotor is perfectly centered when there is no contact between a ball and the defect [13] . The new current eigenfrequencies expression considering the IM carried with bearing fault and inherent eccentricity was introduced by Ma et al. [16] . However, the other prime components of stator current, namely, the slot harmonics, are ignored. In this section, a more comprehensive mathematical model is proposed, accounting for stator and rotor slot harmonics, airgap eccentricity harmonics, and bearing outer raceway fault harmonics. Some new current characteristic frequencies are discovered around the rotor slot harmonics and can be used for bearing fault detection.
The airgap permeance, accounting for stator and rotor slotting, can be approximated, expressed as follows [26] :
where ( , ) is the radial airgap length taking into account bearing fault and inherent eccentricity and
is the permeance of airgap with restriction of a slotted stator and a smooth rotor and
is the permeance of airgap with restriction of a slotted rotor and a smooth stator. and are the number of stator and rotor slots, is the rotor mechanical rotational speed, is the angular position referring to stator, and are the amplitudes of permeance related to the stator and rotor slots effects, and are any integer, and is the time. Hereafter, represents any integer.
In the following text, after the explicit mathematical derivation process of the airgap permeance and the airgap flux density, some new characteristic frequencies which can be used for bearing outer raceway fault detection around the rotor slot harmonics are obtained.
Under ideal condition, the airgap length in a machine is constant. However, due to unsuitable assembling and manufacturing process, an inherent level of static and dynamic eccentricity tends to coexist. In the case of static eccentricity, by assuming a smooth stator and rotor surface, the length of the airgap can be expressed as follows [27] :
where 0 is the airgap length in an induction motor under ideal condition and se is the static eccentricity degree.
In the case of dynamic eccentricity, the length of the airgap can be expressed as follows [27] :
where de is the dynamic eccentricity degree. If Fourier series are developed, then,
The airgap length of an ideal motor with bearing outer raceway fault can be described as follows [13] :
where is the eccentric degree because of the outer raceway fault and ( − of / of ) is Dirac function. When the Dirac function is expressed as a complex Fourier series, (9) can be represented as follows:
where of = of ∀ of and of = 2 of . In order to simplify the airgap permeance coefficient, the fraction 1/(1 − ) = 1 + + 2 + 3 + ⋅ ⋅ ⋅ ≈ 1 + (for | | < 1) is used. The condition | | < 1 is constantly met because the degree of eccentricity confirmed | | < 1 to prevent any contact between the rotating rotor and nonrotating stator. Then the airgap permeance with bearing outer raceway fault can be obtained
where 0 = 1/ 0 and of = 0 of ∀ of . The airgap length for the induction motor with bearing outer raceway fault and mixed eccentricity can thus be represented as follows [16] :
A good approximation for the airgap permeance which takes into account the mixed eccentric motor with bearing outer raceway fault is given by
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Then taking into account the interaction of stator and rotor slot harmonics, airgap eccentricity harmonics, and bearing outer raceway fault harmonics, the permeance of the airgap could be written as follows:
Only the stator magneto-motive force (MMF) is taken into account and, neglecting skew, it can be represented by
where is the amplitude of stator MMF and 1 is the electrical supply frequency.
Then the airgap flux density, deduced from the product of the permeance (14) and MMF (15), can be given by
where
Then, the change in the flux density distribution results in the current having harmonics as follows:
The models for bearing fault detection proposed by Blödt et al. show that bearing outer raceway characteristic frequencies | 1 ± of of | can be obtained in the stator current spectrum. The current eigenfrequencies expression | 1 ± de ± of of | was introduced by Ma et al. considering the IM carried with bearing fault and inherent eccentricity. From (19), we can see that the new bearing outer raceway characteristic frequencies | 1 ± of of ± ( ± de ) | (with ̸ = 0) can also arise around the rotor slot harmonics when considering not only the slot harmonics but also mixed eccentricity in an induction motor with bearing fault. These new bearing outer raceway characteristic frequencies have not been found in the aforementioned papers. It should be possible to detect these characteristic frequencies by analyzing the stator current spectrum.
Experimental Results
To assess the effectiveness of the proposed techniques for IM bearing fault detection, a series of comparisons have been conducted between the spectrum of the stator current in healthy and faulty cases. In a rolling-element bearing, artificially produced defect is introduced by simply drilling a hole in the outer raceway to simulate a localized fault, which is similar to other literatures [9] [10] [11] [12] .
This section is divided into two parts: first, an overview of the experiment test rig is presented, and then the proposed techniques are verified offline using stator current signals for bearing outer race fault detection. Figure 2 . The rated data of the used induction motor are given in Table 1 . The induction motor is mechanically coupled to a DC machine, which feeds an external resistor bank. The motor can be identically loaded at different speed from zero to rated load by adjusting the field voltage of the DC machine. Both machines are fixed on a steel plate test bench resting on a cement floor. A photoelectric speed sensor (SZGB-6) is used to measure the shaft speed. As the used National Instrument Data Acquisition (NI DAQ 6216) card accepts only voltage signal with maximum amplitudes of ±10 V, JLB-21 Hall current sensor is used to gather the current signal first, and then the acquired current signal is converted to proportional voltage signals by conditioning circuit. A PC equipped with DAQ card through a USB cable is used to store them in the memory. A picture of the experimental setup is shown in Figure 3 .
Test Rig. Schematic diagram of the experiment setup used in this paper is shown in
The induction machine has two CU6206RZ type bearings (single row and deep groove ball bearings) with a width of Each bearing has nine balls ( = 9) with an approximate diameter of = 9.52 mm. The contact angle of the ball with the race ( ) is assumed to be 0 ∘ . Two identical motors are prepared: one motor carries healthy bearings and the other carries one defected bearing which are mounted on the load side of the mechanics. Here, a 6 mm diameter hole is drilled through the outer race of the bearing to simulate a localized fault. Figure 4 shows the healthy and defected bearings used in the experimental setup.
In the experiments, two induction motors have been considered: a healthy motor and a faulty one affected by bearing outer raceway fault. Firstly, tests have been performed with faulty motor under several different loads by randomly adjusting the field voltage of the DC machine. Then, supplementary test is performed with the healthy motor for the sake of spectra contrastive analysis. All the tests are done in steady-state conditions. The motors under study are fed by a 50 Hz power supply. The stator current and speed signals are sampled at 50 kHz with a recording length of 25 s.
Experimental Results.
Linear plots of the current spectrum when the motor runs at the shaft speed of 1431 r/min (23.85 Hz) are given in Figures 5 and 6 . Figure 5 shows the current spectrum around the fundamental region while Figure 6 depicts the PSHs (principle slot harmonics, PSHs) region. In each figure, the spectrums from a healthy case and a faulty bearing are provided for comparisons. In the frequency range (0-200 Hz) of the spectrum in the healthy machine ( Figure 5(a) ), one can see that the frequency components at show that a great number of eccentricity harmonics appeared in Figure 5 (b). The magnitudes of eccentricity harmonics are also increased and the frequency component at 3 1 + can also be observed with the faulty bearing due to the fault-related eccentricity according to (18) and (19) (with = of = 0). The fault characteristic frequency at 1 + is visible and the other fault-related component at 1 + + can also be noticed in the faulty spectrum ( Figure 5(b) ). These results match with existing studies.
A comparison of the stator current spectrums from a healthy case and a faulty bearing around the PSHs region is shown in Figure 6 , considering the effects of the slot harmonics on the current characteristic frequency in an induction motor with inherent eccentricity and bearing fault. The frequency components at | 1 ± | and |3 1 − | are already visible in the spectrum of the healthy machine due to the interaction of stator MMF and rotor slot permeance (Figure 6(a) ). With an increase in the 3rd slot time harmonic, the frequency components at |3 1 − ( + 1) | and |3 1 − ( +2) | are also observed with the faulty bearing, because of PSHs interaction with eccentricity harmonics (Figure 6(b) ). This is true also of the frequency component at 1 + ( − 1) . The components at | 1 − + | and 1 + − do emerge in the situation of the outer raceway fault, but not in the health spectrum, as they are the result of an intermodulation between PSHs and the characteristic frequencies for bearing fault. Another two fault-related components at | 1 −( −1) − | and 1 + ( − 1) + can also be observed in the case of the fault, owing to the effects of PSHs with eccentricity harmonics and bearing fault characteristic frequencies. The results attained by outer raceway fault prove, hence, earlier theoretical analysis.
In order to further prove the effectiveness of the proposed model for bearing fault detection, the current signals under several different load conditions have been processed using MATLAB. The offline experimental results are summarized in Tables 2 and 3. Table 2 highlights the presence of the fault frequency components and the magnitudes of these frequencies for healthy and faulty motors under these load conditions. Moreover, some average and standard deviation values of fault frequency components with a number of runs are also provided in Table 3 for the purpose of showing repeatability. In Table 3 , there are six runs altogether for the same load conditions. From these experimental results we can clearly see that the proposed approach is reliable to be used for bearing fault detection. The estimated fundamental supply frequency is 1 = 50.0679 Hz in this paper.
Conclusions
This paper has studied the effects of the slot harmonics on the stator current signals in an induction motor with bearing fault. Based on the airgap flux density calculation by the product of the permeance and the MMF, a more comprehensive mathematical model has been obtained when considering not only inherent eccentricity but also the slot harmonics in an induction motor with bearing fault. Some experimental investigations in this paper have proved that some new characteristic fault frequencies can be found around the rotor slot harmonics in the stator current spectrum. These experimental results agree well with the theoretical inference and the new characteristic frequencies expression can be used as effective assessment indicator for bearing fault detection.
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